The thermally assisted photoemission (TAPE) effect was investigated for the hexaboride thermionic cathodes (LaB 6 and CeB 6 ). It was found that the quantum efficiency of these cathodes can be increased by raising the cathode temperature along with the thermionic emission. In addition both materials can emit a measurable photoemission current by being irradiated with a laser having a photon energy below the work function at sufficiently high cathode temperatures. Our measurements indicate that this process is linear. These results show the significance of the TAPE effect. An additional effect of cathode heating is surface cleaning. This effect was detected as the hysteresis of the quantum efficiency which can be observed by heating up and cooling down the cathode. This effect slightly changes the quantum efficiency but not as much as the TAPE effect.
I. INTRODUCTION
Thermionic and photoelectron injectors are widely adopted in FEL facilities. The use of photocathodes for the generation of high brightness electron beams has the advantages of a high peak current and flexible control of emission timing; however, in some cases it has the disadvantages of high sensitivity to vacuum conditions and short lifetime. Very high quantum efficiency ðQEÞ > 1%, semiconductor photocathodes such as Cs 2 Te, CsK 2 Sb, and GaAs, require an extremely high vacuum to keep the quantum efficiency for a long time. On the other hand, low quantum efficiency (0.001%-0.01%) materials such as metal and metal compound photocathodes usually have long lifetimes but require lasers with high pulse energy which increases costs [1] . The main target for further photocathode development is to increase the lifetime of high QE materials or to increase the QE for robust materials. Thermionic cathode materials have already been applied as robust photocathodes in rf guns. Tungsten dispenser cathodes were reported to be suitable for operation in photoinjectors [2, 3] . Also LaB 6 cathodes have already been successfully used as photocathodes [4] [5] [6] [7] [8] .
In this work we investigate the possibility of increasing the QE of thermionic cathode materials using a thermally assisted photoemission (TAPE) process. Thermal excitation changes the energy distribution of electrons in materials as shown in Fig. 1 . By heating up a cathode, electrons can obtain a higher energy state than the work function and can then be extracted via thermionic current. The corresponding thermionic current density on the cathode has been described by Richardson-Dushman, see equation [9] :
where φ is the work function in eV, k B is Boltzmann constant and T is the cathode temperature in Kelvin. A G ¼ λ B ð1-rÞA 0 is the generalized Richardson constant, which contains r, the averaged quantum-mechanical reflection, λ B , the band structure related correction factor, and A 0 , the universal Richardson constant (¼1.20173 × 10 6 Am −2 K −2 ). The TAPE effect makes use of thermionic excitation in order to change the energy distribution of electrons in cathode materials. Due to thermal excitation some electrons occupy higher energetic states, which increases the probability of extraction by photon and the energy of the extracted electrons. Thus the quantum efficiency can be increased by thermal excitation.
Metal hexaborides have been investigated as a cathode material. Since invention in 1950 by Lafferty [10] metalhexaboride materials have gained high significance for thermionic cathodes, due to a low work function, high melting temperature, high emission current, compared to other thermionic cathodes, and low evaporation rate [11] .
In this study we focus on two representative hexaboride thermionic cathode materials, LaB 6 and CeB 6 , and investigate their photoemission properties under various temperature and incident photon energy conditions. Since LaB 6 is already being used as a photocathode, we will compare to CeB 6 . Table I summarizes the main properties of the two cathodes. One significant difference between them is the generalized Richardson constant indicating higher electron emissivity by LaB 6 for the same temperature. On the other hand, it was reported that CeB 6 has a higher resistivity to carbon contamination and a lower evaporation rate than LaB 6 [13] . Due to its lower evaporation rate, CeB 6 has a longer lifetime than LaB 6 when it is used as a thermionic cathode. Further, the CeB 6 and LaB 6 materials have similar optical properties [14] . Regarding photoexcitation, QEs of both materials were also reported to be the same at 1300 K for excitation at 266 and 355 nm [6] . These results suggest that the generalized Richardson constant does not affect the photoemission processes. However, these QEs refer to low cathode temperature (∼1300 K) measurement. In this study we have expanded the heating range (<1800 K). As a matter of fact the high operating cathode temperature increases the dark current emission in a photocathode rf gun. The dark current measurement would be an issue for a separate study. In this work we focus on the TAPE phenomenon on itself and treat the dark current as the background in data evaluation.
Another point of interest would be the application of the TAPE effect for electron extraction by laser with photon energy below the work function of the cathode material. This process is illustrated in Fig. 1 . External cathode heating increases the population of electrons whose energy is above the Fermi level E f0 , and will reduce the photon energy required for electron extraction.
Consideration of emittance and complexity of laser systems are beyond the scope of this paper.
II. MEASUREMENT SETUP
The measurement setup is shown in Figs. 
2(a) and 2(b)
. The cathode materials were tested under dc conditions. The applied voltage between the cathode and the anode was 1 kV and the electric field about 0.1 MV=m. A nanosecond yttrium-aluminum-garnet (YAG) laser (Surelite II-10, Continuum) with 2 Hz repetition rate and around 5-ns pulse length was used as the laser source. The fundamental wavelength of the laser was 1064 nm. Three laser wavelengths, 532, 355 and 266 nm, were generated by harmonic generation crystals and introduced to the test chamber. The beam diameter of the laser was larger than the cathode diameter, so a small fraction of the beam was selected by an aperture with a diameter of 2.7 mm. By this means we have Fig. 3 . The pulsed photoemission current was ac coupled and measured by an oscilloscope. By means of ac coupling, the dc thermionic current could be measured separated from the photocurrent by an analogue amperemeter.
III. RESULTS AND DISCUSSION
The main point of interest is to understand the effects of thermal excitation on the photoemission properties of metal hexaboride materials. Another point is the feasibility of electron extraction by photon energy below the work function of the cathode material using the TAPE effect. Therefore we measure photoemission at different excitation wavelengths, 266, 355 and 532 nm. The correspondence of laser wavelengths and photon energy is given in Table I .
A. Thermionic emission of LaB 6 and CeB 6 Figure 4 shows the thermionic current dependence on cathode temperature. When the cathode temperature was increased to 1478 K, a significant increase of thermionic current from LaB 6 was observed. In the case of CeB 6 , the cathode temperature needed to be increased up to 1550 K.
The measured thermionic current of LaB 6 is higher than that of CeB 6 at the same temperature. Such behavior is attributed to the difference in the generalized Richardson constant (see Table I ) and corresponds to previous work [11] .
B. Photoemission @ 355 nm
In order to compare the photoemission properties of LaB 6 and CeB 6 cathodes, photoemission under different temperature conditions has been tested with the laser wavelength of 355 nm. Figure 5 shows a typical photocurrent pulse signal measured with the LaB 6 cathode.
Typical laser pulse energy in this experiment was around 13 μJ=pulse. The current was evaluated by integrating the measured voltage pulse over 100 ns. The measured relative quantum efficiency as a function of the cathode temperature is shown in Fig. 6 . For comparison, the photoemission current was normalized by laser power and expressed in relative quantum efficiency (QE) by the following relationship:
η ¼ number of electrons detected number of incident photons :
The relative QE is shown to be temperature dependent. This dependency is different for LaB 6 and CeB 6 . The LaB 6 has a higher QE than CeB 6 at the same temperature. This tendency corresponds with thermionic emission. We conclude that the generalized Richardson constant has an impact on QE, since it indicates the relative difference of the amount of the electrons which reach higher energy levels from thermal excitation.
C. Quantum efficiency dependence on the cathode temperature at different wavelengths
In order to study the photoemission properties related to the photon energy, LaB 6 was illuminated by laser at three different wavelengths, 266, 355 and 532 nm. There is a slight deviation in QE when measurement is done by heating up and cooling down the cathode. This phenomenon is assigned to the change of surface conditions. In order to compare QE at different wavelengths with similar surface conditions the data acquired by changing the cathode heating from lower to higher temperatures are shown in Fig. 7 . The influence of surface condition changes on the QE is discussed in Sec. III E.
The data for 266 nm in Fig. 7 is shown with triangular and diamond symbols which do correspond to different measurement sets. The two sets are in good agreement. The highest photon energy (4.66 eV @ 266 nm) shows the smallest dependency on cathode temperature. This behavior indicates that the effect of thermal excitation is small when using photons with higher energy. However, the effect is not negligible regarding laser energy requirement. As shown in Fig. 7 , electrons could be extracted using 532 nm photons whose energy (2.33 eV @ 532 nm) is below the work function (2.65 eV) if the cathode temperature is higher than 1400 K. For low photon energies special care should be taken to separate the thermionic current from the photocurrent. As mentioned in the setup section, the thermionic dc current and pulsed photocurrent are measured separately. The background is measured under beam blocked conditions and subtracted from the detected photocurrent signal. Nevertheless, the laser pulse may increase the cathode temperature temporally with subsequent pulsed thermionic emission.
Thus the detected photocurrent may contain a fraction from thermionic current. In order to estimate potential impact of pulsed cathode heating we use a 1D heat transfer model. Figure 8 shows the calculated pulsed heating of LaB 6 for the cathode temperature of 1500 K for several laser pulse energies. The data presented in Fig. 7 for 532 nm excitation was recorded with pulse energy of ∼32 μJ, which corresponds to additional heating of ∼12 K.
Comparing with Fig. 4 the corresponded thermionic current increase has an order of 10 −2 mA. Since CeB 6 has a lower electron emission rate at the same cathode temperature, the impact of pulsed thermionic current is lower.
Figures 9(a) and 9(b) shows thermionic and corresponded photocurrent for LaB 6 and CeB 6 for irradiation at 355 and 532 nm. The values of the photocurrent correspond to the maximal measured current, whereas it does not represent the peak current since our detection system is not fast enough to detect 5 ns signal. The thermionic current from the pulsed heating is negligible. For the 355 nm wavelength, the photocurrent is significantly higher than the thermionic current for both materials. For the 532 nm wavelength, the CeB 6 generates a lower photocurrent even at a high laser pulse energy (∼84 μJ).
The estimated pulsed heating current is an order below the measured photocurrent. Since the error associated with measured photocurrent is less than 10%, the result represents the real photocurrent.
The photocurrent extraction by illumination at 532 nm demonstrates that TAPE for both materials below the work function is feasible.
Measurements of relative QE at several irradiation wavelengths for CeB 6 are shown in Fig. 10 . The different symbols used for representation of relative QE at the same wavelength correspond to different measurement sets. Deviation between the measurement sets can be accounted for measurement error. Comparing photoemission at 266 and 355 nm irradiation wavelengths, minimal error is measured for higher photon energy.
The data for 532 nm excitation shows photoemission at a higher cathode temperature (1700-1900 K). This is caused by material degradation due to long operation times. In order to restore the emissivity to the previous level, the cathode temperature had to be increased. Nevertheless it was demonstrated that the photoemission below the work function can be recovered by increasing the cathode temperature even if material degradation has taken place.
The steep rise of the photocurrent seems to be correlated with the rise of the thermionic current. We suggest that the photoemission properties of a thermionic material and the TAPE effect can be predicted by its thermal emission properties. We would like to encourage interested researchers to further research this phenomenon.
D. Laser power dependence below work function
Electron extraction by laser photon energy below the work function can also be accomplished by two photon excitation processes. In Ref. [15] the authors have tried to perform electron extraction on LaB 6 below the work function. They had reported significant instability of emitted current and suggested a nonlinear process of photoemission. In order to exclude the second option, we have measured the laser pulse energy dependency. Figure 11 displays the dependency of photoemission current of LaB 6 (a) and CeB 6 (b) on the incident laser pulse energy at 532 nm with the cathode temperature of around 1340 and 1800 K, respectively. The photon energy at this wavelength is lower than the work function. In this measurement, the integrated charge of the pulse had too small of a signal to noise ratio. Therefore, we measured the peak value of the current pulse and plotted it as the vertical axis of Fig. 11 . The linear correlation of peak current with laser pulse energy is obvious. Thus in our setup the photoelectron extraction below the work function assisted by cathode heating occurs as a single photon absorption process.
E. Surface conditions
A hysteresis-like shape of QE dependence on cathode temperature was observed by the heating and cooling procedure. Figure 12 shows the recorded "hysteretic" behavior measured for LaB 6 for excitation at 266, 355 and 532. The data points were recorded in a short time interval of around 1-2 min. This tendency indicates changing surface conditions. By cooling down the photoemission current is higher than by heating up at the same cathode temperature. It can be understood as the removal of surface contamination during the heating up process. In particular, in Ref. [16] , it was reported that below a critical temperature the cathode surface is covered by an oxide layer. This layer can be removed by heating above the critical temperature. Thereby the surface oxide reduces the QE.
Hysteretic behavior was also observed for CeB 6 which is shown in Fig. 13 . The hysteretic width has no regular structure and depends on operational duration. These undesirable properties demonstrate the importance of proper cathode surface preparation.
The width of the "hysteresis" can be smaller at lower vacuum pressure (<10 −8 Torr) conditions. As one can see in Figs. 12 and 13, the "hysteresis effect" is weaker than the TAPE effect.
IV. SUMMARY
In the present work, the thermally assisted photoemission (TAPE) effect of LaB 6 and CeB 6 cathodes was investigated by measuring their quantum efficiencies under various cathode temperature and excitation photon energy conditions. It was demonstrated that the quantum efficiency increases with cathode temperature along with thermionic emission. Meaning that the TAPE effect can enable us to obtain a higher quantum efficiency at a higher cathode temperature. The TAPE effect becomes more significant for lower excitation photon energy. Especially for excitation with photon energy below work function the TAPE is essential to achieve photoemission. The measurement of laser pulse energy dependence revealed that the excitation process under our experimental conditions was a single photon absorption.
Comparing the quantum efficiency of LaB 6 and CeB 6 cathodes, LaB 6 had a higher quantum efficiency than that of CeB 6 at the same temperature for all tested laser photon energies. This tendency corresponds to the thermal emission properties of these two materials. In general, the photocurrent was significantly higher than the thermionic current. However, for CeB 6 at 532 nm the photocurrent was lower than the thermionic one.
During our measurements, a hysteresis of quantum efficiency dependence on the cathode temperature was observed. When the cathode temperature was cooled down from a higher temperature, the quantum efficiency was slightly higher than that measured during the heating up process. This behavior indicates a change of surface conditions. In order to avoid this discrepancy a proper laser cleaning is required.
